Abstract This study was conducted to obtain basic data in improving the health of Koreans, saving energy and protecting environments. This study investigated the effects of wearing thermal underwear for keeping warm in the office in winter where temperature is not as low as affecting work efficiency, on thermoregulatory responses and subjective sensations. In order to create an environment where every subject feels the same thermal sensation, two experimental conditions were selected through preliminary experiments: wearing thermal underwear in 18°C air (18-condition) and not wearing thermal underwear in 23°C air (23-condition). Six healthy male students participated in this study as experiment subjects. Measurement items included rectal temperature (T re ), skin temperature (T sk ), clothing microclimate temperature (T cm ), thermal sensation and thermal comfort. The results are as follows:
Introduction
The indoor temperature and clothing insulation that human feels comfortable are influenced by individual's properties, environments, movements and season. But, the indoor temperature that human feels comfortable has steadily been increasing in winter and decreasing in summer recently. This phenomenon is undesirable for the health of the Koreans', energy saving and the protection of environments. In 1900, thermally comfortable indoor temperature was 18-21°C (Nevins and Gagge, 1972) , whereas currently preferred indoor temperature and clothing weight in winter are 23-26°C, and 0.5-1 clo, respectively (Tanabe, 1990; Montoye et al., 1996) . This change suggests that clothing has been getting lighter while indoor temperature in winter continuously increased to become unnecessarily high. In addition, Humphreys (1975) reported that comfortable indoor temperature largely varies from nation to nation by citing the fact that 17°C is felt comfortable in Britain whereas 32°C in Iraq. With these findings, it can be assumed that comfortable temperature changes due to changes in clothing types and building structures, is hugely affected by life-style and the surrounding environment such as air-conditioning and heating, rather than fixed biologically.
Since the amount of fossil fuel is limited and a continuous rise in the use of fossil fuel has caused global warming, worldwide efforts have been made to develop alternative energy as well as reduce energy consumption by changing the human life style. In a way to accomplish this goal, there have been campaigns on lowering indoor temperature to a reasonable level in winter. The Korean government also encourages the public to set indoor temperature at 18-20°C in winter for energy saving and health improvement. According to a survey on 500 Seoul citizens of indoor temperature in winter conducted by the Energy Regiment in early December, 2001 , however, 42% of the respondents answered the indoor temperature of public places in winter is 'excessively high' the indoor temperature of large buildings such as public organizations, department stores and large conglomerates was higher than the recommended temperature for winter, and very few places complied with the suggested winter indoor temperature voluntarily.
Heating costs worth of some 1.2 billion dollar can be saved annually by lowering indoor temperature in winter by 1°C (Korea Energy Management Corporation, KEMCO, 2001 ). In addition, it can cause the malfunctioning of an autonomous nervous system if the temperature difference between indoor and outdoor air is above 5°C (Green Korea United, 2001 ). For these two reasons, one of the strategies established for energy conservation and health improvement is to relieve discomfort caused by a drop in indoor temperature by increasing clothing weight. To this end, it is necessary to verify at how low temperature increasing clothing weight can provide thermal comfort, so much so that office employees' work efficiency is not negatively affected by this. Therefore, the purpose of this study was to investigate the effects of wearing thermal underwear worn for keeping warm at the temperature as low as not affecting indoor work efficiency in winter on physiological responses and subjective sensation, in order to obtain basic data to encourage wearing thermal underwear in winter for energy saving and health improvement.
Methods

Subject
Six healthy male students participated in the experiment as subjects. Their anthropometric data are provided in Table 1 .
Experimental procedure
Pre tests were conducted to identify air temperature where people feel the same thermal comfort and clothing microclimate temperature under the conditions of different clothing weight and air temperature. The tests found 23°C and 18°C appropriate for the purpose. Subjects in 23°C air did not wear thermal underwear (23-condition), whereas those in 18°C wore a layer of 100% cotton thermal underwear (18-condition, long sleeves, long trousers, 304 g) usually bought in the market for keeping warm in winter, in addition to the same outfit as those in 23°C (Table 2 ). The relative humidity was maintained constant at 30Ϯ10% RH, and the air velocity below 0.2 m/s without forced ventilation. Each subject was exposed to the two conditions for 90 min. During the exposed 90 minutes, each subject only sat on a chair (70 min.) and walked at the speed of less than 2.0 mph (20 min.) (Fig. 1) Estimated clo* 1.3 1.1 (* from ISO 9920) which is within the working level of usual office work (Montoye et al, 1996) . Each experiment was repeated twice. During the exposure, rectal temperature (T re ) and skin temperature (T sk ) were measured with Thermister (Takara, K923, Japan) and the innermost clothing microclimate temperature (T cm ) around the chest was measured with Thermo Recorder (Tabai Espec, RS-10, Japan) every 5 min. Mean skin temperature (T sk ) was calculated with the 7-point method of Hardy & DuBois (Eq. 1).
T sk ϭ0.07ϫT forehead ϩ0.35ϫT trunk ϩ0.14ϫT arm ϩ0.05ϫT hand ϩ0.19ϫT thigh ϩ0.13ϫT calf ϩ0.07ϫT foot (Eq.1)
Regarding subjective sensation, the subjects were asked to record every 10 min the whole thermal sensation, local thermal sensation and thermal comfort on their own (Table 3) .
Data analysis
All of the results in connection with physiological responses were expressed as their mean (SD). The paired t-test was conducted in order to compare the differences between 18-condition and 23-condition. The responses for subjective sensation were provided as their percentage to the total responses and chi-square test was conducted in order to compare the differences between the two conditions of 18°C and 23°C (pϽ0.05).
Results and Discussion
Thermal responses-T re , T sk , T sk
The T re of both conditions was maintained constant at 37.1°C for 90 min (Fig. 2) . T re did not drop under the 18-condition. This suggests that both environmental conditions were not within the range of being a burden on core body part. T sk was 32.9 (0.8)°C under the 18-condition and 33.7 (0.7)°C under the 23-condition, showing a significant difference (pϽ0.05). During the 90-min exposure, the dropped T sk was maintained within the range from 30.9-34.3°C which is the same range of normal thermal comfort (Lee et al. 1993) . With this result, we can infer that the air temperature of 18°C is not as low as the temperature which may cause discomfort to the extent of deteriorating work performance. 
Fig. 2 Changes of rectal and skin temperatures in wearing thermal
underwear in 18°C air and not wearing thermal underwear in 23°C air for 90 min. T re : rectal temperature, T sk : mean skin temperature, T ab : abdomen skin temperature, T hand : hand skin temperature, T foot : foot skin temperature (* pϽ0.05, ** pϽ0.01, *** pϽ0.001, An asterisk was showed at the end of 90 min.). It was found from this study that T sk showed a significant difference although the skin temperature of trunk (abdomen and forehead) under both conditions were at the same level. That is because the skin temperature of hands and feet under the 18-condition was significantly lower by about 2.7°C and 3°C, respectively (pϽ0.001, Fig. 2 ). The climate temperature preferred by the subjects in terms of thermal comfort are affected by core temperature and skin temperature, particularly by the local skin temperature of hands and feet. In general, it is known that work efficiency is lowered and thermal discomfort increases when the temperature of hands is around 20°C. Based on this theory, we can hardly say that work efficiency may be lowered under the two conditions in this study since the temperature of hands under both conditions were above 20°C.
This study identified the combination of climate temperature and clothing weight for maintaining core temperature at a constant level. However, it failed to identify the combination of the two factors for maintaining T sk at a constant level due to the difference in the temperature of extremities such as hands and feet as previously described. Therefore, we can assume that it is hard to maintain constant T sk by keeping warmth of trunk area only when extremities such as hands and feet are exposed to the cold air, if environmental temperature is different.
However, physiological responses such as T sk and metabolic rate may change, depending on the material of thermal underwear. Thus, it is required to conduct further studies to verify these with variable materials, types and thickness of thermal underwear.
Clothing microclimate
There was no significant difference in the Tcm around chest between the 18-condition and the 23-condition. The temperature was 32.3 (0.9)°C and 32.6 (0.8)°C, respectively. According to the study conducted by Kim and Choi (1999) , the mean Tcm in winter felt comfortable by men in their twenties was 32.2°C, which is the same temperature level found in this study. Clothing microclimate is the climate of the environment closest to the human body. T cm , which affects human thermal comfort, is influenced by environmental factors such as environmental temperature, humidity and the air velocity, clothing factors such as clothing weight, clothing materials and openings, individual activity levels and the physical characteristics of measured areas. This study found that there was no significant difference in the T cm around the chest between both conditions. This suggests we can create the same level of Tcm by combining air temperature and clothing weight appropriately if people's working activities are at the same level.
Whole thermal sensation
Whole thermal sensation turned out to have a significant difference between the two conditions (pϽ0.01, Fig. 3 ). Under the 23-condition, there were no responses of 'slightly cool' and 'cool' and all responded within the range from 'warm' to 'neutral (not cold, not hot)' out of which 'slightly warm' accounted for the largest proportion, 73% of the total responses. Under the 18-condition, all responded within the range from 'slightly warm' to 'cool'. In short, the subjects mostly regarded the 23-condition as slightly warmer environment, while the 18-condition as a neutral environment.
Local thermal sensation
The thermal sensation of hands and feet indicated a significant level of difference in terms of local thermal sensation. Under both conditions, thermal sensation of hands were between 'slightly warm' and 'slightly cool.' When the 32 Effects of T Underwear on Thermal and Subjective Responses values of the last 90 minutes were compared, respondents felt cooler under the 18-condition (p<0.01, Fig.3 ). For the thermal sensation of hands, 87% of the subjects responded 'neutral' and 13% 'slightly cool' under the 18-condition while 51% responded 'neutral', 46% 'slightly warm' and 3% 'slightly cool' under the 23-condition. In addition to the skin temperature of hands previously described, this finding on the thermal sensation of hands verified that the 18-condition is not an environment as cold as an environment which may negatively affect the working efficiency of hands. Nevertheless, there are some people who are sensitive to cold air temperature due to individual variation of the thermal sensation. In addition, increasing clothing weight may not compensate discomfort arising from low air temperature completely. Despite this fact, if we increase indoor temperature, it may reduce local thermal discomfort. Yet, it will cause the human body to feel slightly warm thermal sensation as a whole, which makes futile the efforts for energy conservation and health improvement. Gonzalez and Nishi (1976) reported that wearing additional outfits such as a wool sweater (0.3 clo) does not alleviate the thermal discomfort of hands and feet in the mild cold of 19°C. If it is encouraged to increase local heatkeeping in order to reduce the discomfort of extremities of hands and feet which may actually occur while working in the office in winter at the temperature of 18-20°C, it is possible to prevent the decrease in the work efficiency of hands as well as remove the difference of the local thermal sensation found in this study. The response range for the thermal sensation of feet was wider than that of hands. In the case of the thermal sensation of feet under the 23-condition, respondents felt 'neutral' in the beginning but felt warmer as time goes by, while subjects felt cooler as time goes by with the response ranging from 'warm' to 'cold' under the 18-condition (Fig. 3) . The reasons are presumed to be that feet are located farther from the trunk than hands, contact a floor of which temperature is relatively low in the distribution of vertical air temperature and walking and taking a rest were repeated while wearing socks and shoes. Since the thermal sensation of feet is largely affected by the types of socks or shoes as well as the temperature of indoor floor (Gonzalez and Nishi, 1976) , it is required to consider this fact for regulating proper indoor air temperature in winter.
Thermal comfort
The 4-point scale is widely used to measure the thermal comfort. This is composed of 'comfortable', 'slightly uncomfortable', 'uncomfortable' and 'very uncomfortable.' Usually, 'without discomfort' is regarded 'comfortable' in a stable situation even though people do not experience positive feelings such as thermal comfort (Parsons, 1993) . That is, because thermal comfort can not be experienced in a stable situation at a constant air temperature, the response of 'comfortable' includes 'not uncomfortable'. However, our subjects required to add 'not comfortable and not uncomfortable' to the response item at the end of the pre-test. Therefore, the 4-point scale was slightly modified to include 'not both' as the measurement of thermal comfort. As a result, the response items were composed of 'comfortable', 'not both', 'a little uncomfortable', 'uncomfortable' and 'very uncomfortable.' Among the five response items, 'not both' and 'comfortable' were considered as satisfaction with the thermal environment.
'Thermal comfort' is not a comparable judgment such as 'warmer' or 'colder', but a judgment of value such as 'comfortable' or 'acceptable' (Parsons 1993) . For example, if a subject wearing thermal underwear at 18°C in this study responded 'cool' and 'comfortable' at the same time, it can be judged that the environmental condition was acceptable by the subject. During the 90-min exposure in this study, the working activity level of the subjects was around 1.1-1.3 METs, the clothing weight under the 18-condition was approximately 1.1 clo and that under the 23-condition was approximately 1.3 clo when estimating them based on ISO 9920. Under the 18-condition, the responses of 'comfortable' and 'not both' were 82% of the total responses (nϭ120), those at 23°C were 91% of the total responses (nϭ120, Table 4 ). In addition, the values at the end of 90 minutes were not significantly different. Even though comfort, as a subjective judgment, is determined by the combination of physiological, psychological and physical factors, over 80% of the total respondents expressed satisfaction in this study. Thus, both environments can be defined as comfortable based on the ASHRAE standard (1985) .
So far, a number of studies have been conducted to connect the thermal environment of human kind to the psychological effect, comfort (Table 5 ). The comfortable indoor temperature in winter is 20.0-23.5°C when wearing 0.9 clo based on the ASHRAE standard, and 20-24°C when wearing 1.0 clo based on ISO 7730 (1984) . Fanger (1972) predicted that the comfortable environmental temperature is 23.9°C, 0.85 clo, 1.1 METs and around 5% of the group exposed to this temperature are dissatisfied. Still, he also added that this comfortable temperature is affected by metabolic rate, the insulation of clothing, mean radiation temperature, air temperature, air velocity and humidity as well as the gender, age, race and previous experiences of subjects. As shown in the Table 5 , the combination of the air temperature and clothing weight preferred as comfortable varies slightly. This is probably because of variation of test conditions such as testing season, the gender and age of subjects and others. It is not appropriate to define the comfortable environment only based on temperature and clothing weight, however, since the six basic factors which determine a human thermal environment are temperature, radiation temperature, humidity, air velocity, clothing and activities (Parsons, 1993) . Therefore, the results in this study can be applied on the assumption of the same temperature, radiation temperature, standstill air current without any forced ventilation and light working activities in an indoor environment with Korea's typical winter humidity. Burton & Edholm (1955) reported that the indoor temperature appropriate for human is 24°C in the United States, 18°C in Britain and 12°C in Russia. According to the indoor temperature guidelines of each nation, the recommended temperature is 18.3°C or less in the United States, around 19°C or less in Britain, France and Canada and 20°C or less in Japan (Energy Management Corporation, CCOHS). FEA(Federal Energy Administration) recommends the office temperature for light working activities to be maintained at 20°C or below (Nicol et al., 1995) . Given these recommendations, it can be said that this study on the comfortable clothing weight at the temperature lower than that currently regarded comfortable by the Koreans in winter is important from the perspective of energy conservation.
Relationship of T sk and thermal comfort
The T sk for both 'comfortable' and 'not both' was at the same level at 18°C. It was 32.9°C (1.0) and 32.9°C (1.1), respectively. The T sk for both 'comfortable' and 'not both' at 23°C was 33.7°C (0.9) and 33.3°C (1.4), respectively (Fig. 4) . In general, T sk is known to be a good indicator for the whole thermal comfort (Thellier et al., 1994; Nielsen and Nielsen, 1984) . Yet, correlation between T sk and thermal comfort is found only at 18°C (rϭ0.182, pϽ0.05). This result can be explained with Parsons' study (1993) which suggested that cold sensation is more related to T sk than warm sensation among the two conditions of thermal sensation.
In this study, it was found that the thermal sensation of hands and feet does not have a significant impact on the whole thermal comfort at the mild cold of 18°C. In addition, this study found that the subjects expressed a different level of thermal comfort at the same level of T sk , unlike Olsen et al. 's study (1972) which suggested that T sk is the same when subjects feel comfortable with the given activity level regardless of wearing knee trousers or KSU-standard clothing (0.6 clo). That is, the subjects exposed to mild cold of 18°C and 23°C, which is not as cold as causing shivering and not as hot as causing sweating, expressed a different level of thermal comfort at the same level of T sk
Summary and suggestions
This study was conducted to obtain basic data of the effects of wearing thermal underwear in winter on energy conservation and health improvement. We evaluated the effects of wearing thermal underwear at the temperature, not as low as the temperature which may cause discomfort to the extent of reducing work efficiency, on the thermoregulation of the human body and subjective responses. During the exposure measured were T re , T sk , T cm , thermal sensation and thermal comfort. The results are as follows: 1) T re was maintained constant at 37.1°C under both conditions without showing any significant differences;
2) T sk was 32.9°C at the 18-condition and 33.7°C at the 3) Regarding local skin temperature, that of trunk did not show differences. After 90-min exposure, however, the skin temperature of hands and feet was significantly lower under the 18-condition than that under the 23-condition (pϽ0.001);
4) The whole thermal sensation turned out to be significantly different (pϽ0.01), but thermal comfort was not significantly different between both conditions. Over 80% of the total respondents expressed 'comfortable' or 'not both' in both environments. When the subjects expressed 'comfortable' or 'not both' at 18°C and 23°C, T sk under both conditions was 32.9°C and 33.3-33.7°C, indicating no significant differences.
As a result of using thermal underwear usually bought in the market for keeping warm in winter in this study, T sk and thermal sensation were affected at 18°C air due to the drop in the skin temperature of hands and feet whereas thermal comfort, T re and T cm around chest were the same as those measured at 23°C. This result led to a conclusion that the same level of thermal comfort, T re and T cm was maintained as those at around 5°C higher temperature, by wearing one layer of thermal underwear in the office in winter.
Suggestions on further studies are as follows: Firstly, it is required to identify differences between male and female in order to differentiate the appropriate indoor temperature and clothing weight in winter, since there have been several studies on the difference in the comfortable temperature between male and female. Secondly, it is generally known that the old prefer higher temperature than the young because their basic metabolic functions deteriorate due to aging. However, there are some conflicting suggestions regarding the thermal comfort at low tempertures. Natsume et al (1992) reported that aging makes people less sensitive to cold, whereas Fanger (1970) suggested that the comfortable temperature of both the old and the young is the same. Therefore, it is necessary to identify the characteristics of the old in order to identify the appropriate indoor temperature and clothing weight in winter. Finally, it is necessary to conduct further studies on identifying the appropriate temperature and clothing weight in the office in summer, as a rise in energy consumption and impact on health are getting serious with the increase in air-conditioning in summer. 
